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(the one-point-bend impact test) and numerical simulations of the experiments are

used to determine dynamic initiation and propagation toughness. Further, the

fracture surface topography analysis (FRASTA) technique is applied to the fractured

specimens to elucidate the microstructural failure mechanisms controlling fracture

"* in each of the investigated microstructures. The FRASTA results will be used to

develop a model capable of explaining the observed fracture behavior. The results

of this program will provide guidelines for selecting processing parameters for Ti-

lOV-2Fe-3AI to optimize strength and toughness. I r

This report summarizes the progress made during the second year of the

program Tc performed rack iniciation and crack propagation experiments for

equally strong microstructures with 0%, 12%, and 40% primary alpha to establish the

dependence of initiation and propagation toughness on loading rate and crack speed.

For each microstructure, we found that the ini:iation toughness increases by

8% to 12% with increasing loading rate. At a given loading rate, the initiation

toughness of the 0% primary alpha microstructure was about 6% to 10% lower than the

toughness of the two other microstructures. Similarly, a preliminary analysis of

the crack propagation experiments indicates that propagation toughness decreases

with decreasing primary alpha content. This effect appears to be much larger than

the effect on initiation toughness, but it nas not yet been quantified.

Scanning electron microscope observations show that for a given loading rate

the fracture mode shifts from transgranular to intergranular as the primary alpha

content is decreased. We also observed that for a given microstructure the fracture

surface roughness decreases with increasing loading rate.

In the next months we will analyze Lhe crack propagation experiments using

finite element simulations to obtain the propagation toughness as a fi.inction of

crack speed. We will continue the FRASTA analysis to correlate the observed

. fracture behavior with microscopic failure processes and with microstructure.
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SUMMARY

The optimal use of advanced beta and near-beta titanium alloys in
situations involving dynamic or shock loading requires an understanding of
the influence of microstructure and loading rate on fracture behavior.

To address this need, SRI is performing dynamic crack initiation and
propagation experiments on Ti-10V-2Fe-3AI in three microstructural
conditions, varying the loading rate to establish the rate-dependence of

the fracture toughness. A new experimental method developed in a previous
Air Force Office of Scientific Research program (the one-point-bend impact

test) and numerical simulations of the experiments are used to determine

dynamic initiation and propagation toughness. Further, the fracture
surface topography analysis (FRASTA) technique is applied to the fractured

2. specimens to elucidate the microstructural failure mechanisms controlling

fracture in each of the investigated microstructures. The FRASTA results
*O will be used to develop a model capable of explaining the observed fracture

behavior. The results of this program will provide guidelines for
selecting processing parameters for Ti-lV-2Fe-3AI to optimize strength and
toughness.

This report summarizes the progress made during the second year of
the program. We performed crack ini'iation and crack propagation
experiments for equally strong microstructures with 0%, 12%, and 40%

primary alpha to establish the dependence of initiation and propagation
toughness on loading rate and crack speed.

For each microstructure, we found that the initiation toughness
increases by 8% to 12% with increasing loading rate. At a given loading
rate, the initiation toughness of the 0% primary alpha microstructure was

about 6% to 10% lower than the toughness of the two other microstructures.

*. -: Similarly, a preliminary analysis of the crack propagation experiments
-, indicates that propagation toughness decreases with decreasing primary
4. alpha content. This effect appears to be much larger than the effect on

initiation toughness, but it has not yet been quantified.

Scanning electron microscope observations show that for a given
loading rate the fracture mode shifts from transgranular to intergranular
as the primary alpha content is decreased. We also observed that for a

W- given microstructure the fracture surface roughness decreases with
increasing loading rate.

In the next months we will analyze the crack propagation experiments
using finite element simulations to obtain the propagation toughness as a
function of crack speed. We will continue the FRASTA analysis to correlate

the observed fracture behavior with microscopic failure processes and with
micros tructure.

ii i
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II INTRODUCTION

The U.S. Air Force is making a considerable effort to develop new

weapons systems that perform better, are less costly to produce and

maintain, and have increased survivability. One key to achieving these

goals is the introduction of new advanced materials in Air Force

structures.

Because of their attractive strength-to-weight ratio and good

formability, advanced beta and near-beta titanium alloys are finding

increasing use in aircraft structural components. These alloys are often

used in fracture critical applications, in which they are subjected to

dynamic loads. Landing gear parts and wing frame parts are typical

examples of applications involving dynamic and shock loads.

Therefore, understanding the dependence of the fracture toughness on

loading rate is an important aspect in evaluating advanced titanium alloys

for specific applications. Moreover, because of the large variety of

microstructures that can be produced from the same alloy composition, an

understanding of how microstructure influences fracture behavior is of

great importance for the efficient use of these alloys.

The research being conducted at SRI International addresses these

needs by investigating the dependence on loading rate and microstructure of

the fracture behavior of a promising advanced titanium alloy, Ti-10V-2Fe-

3A1. This annual report reviews the specific objectives of the program and

summarizes the progress during the second research year.

S%
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II OBJECTIVES AND APPROACH

Objectives

To establish how loading rate and microstructure influence the

fracture behavior in advanced titanium alloys, we are conducting a 3-year

research program with the following specific objectives:

(1) Establish the variation of the initiation toughness KId
with loading rate, and the variation of the propagation
toughness KID with crack speed for a family of Ti-lOV-
2Fe- 3A1 microstructures.

(2) Characterize the micromechanisms of failure for each

investigated microstructure, loading rate, and crack
speed; determine the microstructural parameters that
control these mechanisms; and obtain independent,
microstructurally based toughness estimates using local
crack opening displacement and fracture surface
roughness measurements.

(3) Develop a model of dynamic fracture incorporating the
influence of microstructure on microdamage processes,

and explain the observed behavior of the toughnesses KId

and KID with changes in microstructure, loading rate,

and crack velocity in terms of this model.

Approach

To achieve the program objectives, we are applying advanced

experimental methods developed in a previous AFOSR program , and a new

fractographic technique for deducing microfailure activity from fracture

surfaces to determine the behavior of Ti-10V-2Fe-3AI alloy in several

microstructural conditions. To characterize the dynamic fracture behavior

in terms of continuum fracture mechanics parameters (such as the stress

iGiovanola, J. H. and Shockey, D. A., "Dynamic Fracture Behavior of

-$ Structural Materials," Final Report Prepared for AFOSR, Contract
AFOSR/F49620-81-K-0007, SRI International, Menlo Park, CA, July 1986.

0
2

%
,%,.



intensity factor), we are conducting crack initiation and propagation

experiments at several loading rates using the impact one-point-bend test.

In selected cases, we are also performing numerical simulations of the

experiments. We apply the fracture surface topographic analysis (FRASTA)

technique to the fractured specimens to obtain the crack opening

displacement directly from microscopic measurements.

The FRASTA technique also allows us to establish which

microstructural features control the nucleation, growth, and coalescence of

microcracks or microvoids that ultimately lead to macroscopic crack

extension. By correlating fractographic observations with toughness

measurements (in terms of stress intensity and crack opening displacement),

we can determine and model how microstructure and microdamage processes

affect fracture at high strain rates. These observations are expected to

provide guidance in selecting the optimal microstructure for the Ti-10V-

2Fe-3A1 system. By comparing the toughness results derived from continuum

measurements (stress intensity factor) and from fracture surface

observations (crack opening displacement), we can also determine if the

concept of stress intensity factor is still valid for fracture at very high

loading rates or if new or modified fracture criteria have to be

introduced.

3
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III PROGRESS

During the second year of the program, we performed fracture

experiments on three different microstructures of Ti-lOV-2Fe-3AI. For each

microstructure, we established the dependence of the initiation fracture

toughness on the loading rate and we established the crack propagation

behavior for several initiation conditions. We also made detailed scanning

electron microscope observations of fracture specimens from each

microstructure and initiated the topographic analysis of selected surfaces.

Results of these various tasks are discussed in this section.

p Crack Initiation Fracture Experiments

We have performed quasi-static and dynamic crack initiation fracture

experiments on the three microstructures selected for the program: 0%

primary alpha, 12% primary alpha and 40% primary alpha.

Notched specimen bars were tested in three-point-bending according to

ASTM Standard E399 at a loading rate of 0.2 MPa//s to obtain the static

- initiation fracture toughness. Dynamic fracture experiments were performed

using the impact one-point-bend test configuration. For these latter

" f experiments, the loading rates varied between 1.1 x 106 and 1.4 x 106

MPajm/s. The results of the initiation fracture experiments are

summarized in Figure 1. Although the data are statistically sparse, clear

trends can be deduced from the initiation results.

For each of the microstructures, the initiation toughness increases

by a small but discernible amount with increasing loading rate and the rate

sensitivity appears to depend on the microstructure. For the

microstructures with 40% and 12% primary alpha, the initiation toughness

increases by about 12% when the loading rate is increased from 2 x 10-1 to

106 MPa,//s I. For the microstructure with 0% primary alpha, the

increase is only about 8%. At a given loading rate, the microstructural

•--4
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Figure 1. Initiation toughness of Ti -10 V -2 Fe -3 Al as a function of loading rate and
percent primary alpha.
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condition also affects the initiation toughness in a discernible way.

4 Whereas the two microstructures containing primary alpha have approximatel'

the same initiation toughness, the initiation toughness of the 0% primary

"' alpha microstructure is 6% to 10% lower.

We are currently performing fractographic and metallographic

investigations to seek microstructural reasons for these crack initiation

fracture results.

a.- Crack Propagation Fracture Experiments

We performed dynamic crack propagation experiments for several

initiation conditionL, again using the one-point bend test. However, to

achieve the stress intensities necessary to propagate the crack through the

specimen, we had to a~d ballast plates at both ends of the specimen, a

* method developed in our previous AFOSR-sponsored program.

We instrumented each specimen with a strain gage mounted near the

initial crack tip and photographed the crack propagation with a high-speed

framing camera. We also measured the impact load history to use as input

for numerical simulations of the experiments. Finally, in selected cases

we instrumented the specimen with additional strain gages mounted along the

anticipated crack path to obtain another estimate of the crack velocity and

to measure strain histories in the crack plane region.

We varied the crack initiation conditions by varying the impact

*: velocity or, for a given impact velocity, by changing the root radius of

the initial notch. We used fatigue-precracked specimens and specimens with

* notch root radii of 0.125 mm or 0.2 mm. Table 1 summarizes the

experimental conditions for the 13 crack propagation fracture experiments

we performed. Initial crack speeds between 50 and 400 m/s were achieved in

the experiments.

SA preliminary analysis of the crack propagation experiments indicates

that microstructural condition significantly influences crack propagation

behavior in Ti-lOV-2Fe-3A. This result is illustrated in Figure 2, which

compares the crack propagation histories for the three microstructures and

60.'
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Table I

EXPERIMENTAL CONDITIONS FOR CRACK PROPAGATION FRACTURE EXPERIMENTS

Initiation Initial
Microstructure Notch Impact Stress Crack

(% primary Radius Velocity Intensity Speed
Specimen alpha) (mm) (m/s) (MPa Jm) (m/s)

IBTI 40 Fatigue Crack 13.9 96 160
"BT2 40 Fatigue Crack 13.8 88 N/A
'BT3 40 0.25 14.0 104 N/A
IBT4 40 0.25 9.8 105 63
-BT5 40 0.25 9.9 79 71
1BT6 40 0.38 14.0 187 340

2BT1 12 Fatigue Crack 14.0 70 N/A
2BT2 12 0.25 14.2 70 180
2BT3 12 0.38 14.2 105 260

3BTI 0 Fatigue Crack 14.2 55 140
3BT2 0 0.25 14.0 70 180

. 3BT3 0 0.38 14.2 93 410

IIRI 40 Fatigue Crack 17.9 61 140

%
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Figure 2. Crack velocity in impact loaded Ti -10 V -2 Fe -3 Al
specimens as a function of notch root radius.

W-. (a) Fatigue-precracked; (b) 0.25 mm notch radius:
(c) 0.4 mm notch radius.
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for three different notch root radii. The impact velocity was the same in

all cases (-14 m/s). Figure 2(a) does not show the results for the 12%

primary alpha microstructure and Figure 2(b) does not show the results tor

the 40% primary alpha microstructure because we could not obtain high-speed

photographs of the propagating crack for the corresponding experiments.

Figure 2 demonstrates that for given experimental conditions, crack speeds

are significantly higher in the microstructure without primary alpha than

*" in the other two microstructures. On the other hand, the 12% and the 40%

primary alpha microstructures appear to have comparable crack propagation

behaviors.

From the data in Figure 2 we conclude that the microstructure with 0%

primary alpha has a significantly lower propagation fracture toughness than

the two other microstructures. This conclusion is supported by the

* observation that hardly any shear lips were formed in the specimens with 0%

primary alpha, whereas 1- to 2-mm-wide shear lips developed during crack

propagation in the other two microstructures. Since the shear lip width is

roughly proportional to the square of the toughness, the difference in the

shear lip width demonstrates the difference in propagation toughness.

We are presently performing numerical simulations of the experiments

to obtain a quantitative evaluation of the Jifferences in propagation

.' fracture toughness of the three microstructures.

Fractographic Observations and Fracture Surface Topography Analysis
(FRASTA)

A P-"For each of the three microstructures, we examined with the scanning

: • electron microscope (SEM) the fracture surfaces of one specimen tested at

quasi-static rate (0.2 MPa/i/s) and one specimen tested at dynamic rate

P.'" (1.4 x 106 MPa,/im/s). We began the FRASTA analysis of two specimens

tested at the quasi-static rate, one specimen of the 40% primary alpha

microstructure and one specimen of the 0% primary alpha microstructure.

Qualitative evaluations of the SEM results show that, for a given

loading rate, the fracture mode shifts from predominantly transgranular to

predominantly intergranular as the primary alpha content is decreased. We

9
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also observed that for a given microstructure, the fracture surface

roughness decreases with increasing loading rate. At quasi-static loading

rates, the fracture surfaces have a disjointed appearance, with large

cracks perpendicular to the main crack plane. We observed no such cracks

in the fracture surfaces of specimens tested dynamically.

The detailed SEM observations revealed a variety of fractographic

features on the surfaces depending on the microstructure and the loading

rate. We identified two size scales of the fracture surface features. The

larger size scale is on the order of many tens of micrometers.

Fractographic features of this size scale include grains or grain

fragments, grain facets resulting from grain boundary separations or from

transgranular fracture, cracks perpendicular to the main crack plane, and

large stretch and slip regions.

The smaller size scale is on the order of many micrometers.

Fractographic features of this size consist predominantly of microvoids and

often cover the surfaces of features of the larger size scale. The

morphology, size, and density of the microvoids vary with the

microstructural condition and with the loading rate.

From these observations we conclude that the mechanisms responsible

for the formation of the various fractographic features are complex.

Inhomogeneous slip is one of the dominant mechanisms by which the three

studied microstructures fail. Slip, transgranular flat fractures, and

grain boundary separation are responsible for the formation of large cracks

and tubular cavities. These large defects are then linked by microvoid

nucleation and growth.

We will further clarify the dependence of the microfailure processes

on microstructure and loading rate by studying metallographic cross

sections perpendicular to the fracture surfaces and by FRASTA.

Future Work

We are currently performing finite element simulations of the dynamic

crack propagation experiments. The crack position history and the impact

force history recorded during the experiments provide the input for these

10
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simulations, in which we calculate the stress intensity at the propagating

crack tip. These simulations will allow us to establish how propagation

toughness varies with crack speed (within the range of crack speeds

achieved in the experiments) and with microstructure. The simulations will

also provide verification of our experimental procedure to determine the

stress intensity history with strain gages.

In the coming months, we will perform FRASTA on dynamically loaded

fracture specimens and will attempt to refine the procedure to resolve the

finer details of the fracturing processes. We will compare the crack

opening displacement values obtained with FRASTA with the initiation

4j toughness values and establish if correlations can be established as a

function of microstructure and loading rate. We will define a measure of

the fracture surface roughness based on the topographic data and compare

the fracture surface roughness values and the propagation toughness values.

To complement the fractographic observations, we will prepare

metallographic cross sections of several fracture specimens to examine

subsurface damage, which we believe plays a significant role in the

fracturing of this alloy. We will also identify which microstructural

features contribute to the failure process and how these features affect

the fracture surface morphology.

.J.
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